REDISTRIBUTION METAL FOR OUTPUT DRIVER SLEW RATE 

CONTROL 



Field of the Invention 
The present invention pertains generally to integrated circuit devices, 
and more particularly to a method for using redistribution metal to control the 
slew rate of output drivers. 

Background of the Invention 

As integrated circuit devices become increasingly faster and more 
complex, the performance achievable in an integrated circuit system can be 
limited by the interconnections between such devices with one another and 
with other components on a circuit board. Whereas integrated circuit 
devices once had only a few interconnects, often hundreds of interconnects 
are now required in more complex devices. Forming hundreds of 
interconnects between a chip and circuit board, however, can be difficult 
since chips are typically fabricated with significantly finer resolution than that 
of circuit boards. Thus, to connect a fine resolution chip to a circuit board, 
often some form of packaging is required to route signals between the chip 
and the circuit board. 

The resolution of a component such as a chip or circuit board is often 
represented in terms of "pitch", which is the minimum distance between 
interconnects on a component. For example, chips may have off-chip 
interconnects separated by 200 microns or less, while a typical circuit board 
may only be capable of utilizing interconnects separated by 800 to 1000 
microns or more. To provide the necessary interface, a chip package is 
typically used that has a substrate with one side having interconnects 
disposed at a corresponding pitch for the chip, and with the other side 
having interconnects disposed at a corresponding pitch for the circuit board. 
Conductive traces, herein referred to as "redistribution metal", disposed 
within one or more layers in the package substrate then route the signals 
between the chip and the circuit board, using vias and/or through holes to 
route signals between multiple layers. 
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System performance is often limited by noise on signals transmitted 
between between a chip package and a circuit board. One predominant 
form of noise results from parasitic capacitance, inductance, and resistance 
due to the signal routing between the signal pad on the integrated circuit die 
and the circuit board trace. 

For a more complete understanding of the invention, FIG. 1 illustrates 
a circuit model diagram of a conventional output buffer 10 of an integrated 
circuit. Output driver 10 generally includes a pullup transistor 12 (such as p- 
channel field effect transistor (PFET) P1) and a pulldown transistor 14 (such 
as n-channel field effect transistor (NFET) N1). Output driver 10 also 
generally includes a predriver circuit 6 which generates a pullup signal 
PULLUP to control the pullup transistor 12 and a pulldown signal 
PULLDOWN to control the pulldown transistor 14. Predriver circuit 6 
determines the states of pullup signal PULLUP and pulldown signal 
PULLDOWN based on the state of received data signal DATA, and typically 
also on the state of an output enable signal OE. Output enable signal OE is 
used to place the driver 10 into a high-impedance state whereby the driver 
10 does not actively drive the pad 8. When the output driver 10 is enabled 
to actively drive the pad 8, the output signal OUT to be driven onto the pad 8 
is derived from the data signal DATA. 

When the pad 8 is to be driven to the high voltage level Vdd, the 
predriver circuit 6 asserts (negative true) the signal PULLUP, thereby turning 
on transistor 12 and pulling the pad 8 to Vdd- Conversely, when the pad 8 is 
to be driven to the low voltage level Vss, the predriver circuit 6 asserts 
(positive true) the signal PULLDOWN, thereby turning on transistor 14 and 
pulling the pad 8 to Vss- When the output driver 1 0 is not actively driving the 
pad 8, that is, when the output enable signal OE is not asserted, the 
predriver circuit 6 deasserts both the pullup signal PULLUP and the pulldown 
signal PULLDOWN, thereby turning off both transistors 12 and 14 and 
placing the pad 8 into a high-impedance state. Pullup signal PULLUP and 
pulldown signal PULLDOWN are never both simultaneously asserted. 

Output buffer 10 is connected to an external transmission line 22 at 
output pad 8. The transmission line 22 is characterized by a characteristic 
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impedance Zo and capacitance Co which together define the RC time 
constant of the line 22. As known in the art, the RC time constant of a 
transmission line affects the rate at which a signal OUT driven onto the line 
will change from one voltage rail to the other (i.e., VoD-to-Vss or Vss-to-VDo). 
The signal on the transmission line 22 is also affected by a characteristic 
inductance Lo in series between the pad 8 and power supply Vdd of the 
integrated circuit. The inductance Lo results from the bond connection (e.g., 
wire bond, ball bond) between the pad 8 and transmission line 22. 

The characteristic impedance Zo, capacitance Co, and inductance Lo, 
are often termed the "parasitics" of the line 22 because, as is known in the 
art, these "parasitics" can be problematic in terms of signal noise and other 
performance factors. For example, one predominant problem resulting from 
transmission line parasitics is known as "simultaneously switching output" 
(SSO) noise. SSO noise occurs when multiple signals in close proximity to 
one another switch at the same time. The switching activity causes a large 
current spike flowing through the power and ground connections, resulting in 
power and ground supply bounce. The magnitude of the SSO noise 
depends on the effective inductance of the power and/or ground connections 
and the size of the current transient flowing therethrough. Accordingly, the 
faster the switching speed, the higher the SSO noise. 

Reflection noise may also occur when the switching frequency 
approaches the RC time constant of the transmission line. The fast rise and 
fall of the high-speed signals on the line causes transients on the power 
supplies and undesirable wave reflections causing overshoot and 
undershoot. 

Crosstalk noise arises when signals on parallel transmission lines are 
located too close in proximity to one another. Switching signals on an active 
line couple to less active or "quiet" parallel lines. Thus, the faster the rise 
time of the signal, the greater the crosstalk noise 

Another predominant problem that occurs with integrated circuit 
output drivers is known as "power supply droop". Due to large off-chip loads, 
output driver transistors N1 and P2 must be sized to allow sufficient current 
flow to the pad to meet the output load requirements. When several I/O 
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drivers are attached to any one power pad, the demands on the power 
supply from the output drivers can cause signal droop on the power bus. 
Signal droop is problematic because it decreases the maximum current flow 
through the pullup driver PFET P2 and therefore decreases the speed at 
5 which the signal transitions to the high state. Thus, reflection noise is 

generated when the signal switching speed approaches the decreased rise 
time due to the power droop. Similar problems occur with the ground supply. 

Because the magnitude of each of the above enumerated noise 
signals depends on the rise time of the signal, noise problems may be 
10 alleviated by slowing the "slew rate" (flattening out the transition edges) of 
the signals generated by the high speed output drivers of the chip. 

Prior art methods of controlling the slew rate involve additional 
Jz circuitry which attempts to control the switching speed of the driver itself. 

O However, additional circuitry involves additional complexity, cost, and chip 

J 15 real estate. Accordingly, a need exists for an improved method for 
^ controlling the slew rate of integrated circuit signals with lower complexity, 

ly cost, and space. 

is 

r S. 

Summary of the Invention 
o 20 The present invention is a technique for controlling the slew rate of 

K integrated circuit output drivers by leveraging the parasitic capacitance of 

redistribution metal in the integrated circuit. 

In accordance with the method of the invention, a desired slew rate 
for a signal generated by a signal driver is achieved by calculating a 
25 characteristic capacitance which together with the signal driver output 

impedance will produce a resulting time constant on the transmission line to 
achieve the desired slew rate. An interconnection path characterized by a 
redistribution metal characteristic capacitance substantially equal to the 
calculated characteristic capacitance is selected, and connected between 
30 the signal driver output and the transmission line. 

The invention uses no additional circuitry for controlling the slew rate 
of integrated circuit signals, and therefore eliminates the circuit complexity, 
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cost, and associated chip real estate corresponding to prior art methods for 
achieving the same result. 

Brief Description of the Drawing 

The invention will be better understood from a reading of the following 
detailed description taken in conjunction with the drawing in which like 
reference designators are used to designate like elements, and in which: 

FIG. 1 is a circuit model diagram of a conventional output buffer of an 
integrated circuit; 

FIG. 2A is a top view of a conventional circuit board with integrated 
circuit devices thereon; 

FIG. 2B is a cross-sectional view of the circuit board of FIG. 2A; 

FIG. 2C is a cross-sectional view of the integrated circuit of FIG. 2A; 

FIG. 3 is an operational flowchart of a method for controlling the slew 
rate of integrated circuit signals in accordance with the invention; 

FIG. 4A is a plan view of an example of a die pad layout pattern for 
the die of FIG. 2A-2C; 

FIG. 48 is a plan view of the die of FIG. 4A illustrating an output pad 

block ; 

FIG. 4C is an exploded view of a portion of the die of FIG. 40 
illustrating the mapping of a first output driver cell to a die pad; 

FIG. 4C is an exploded view of the portion of the die of FIG. 48 
illustrating the mapping of a second output driver cell to a die pad; 

FIG. 4E is a completed output-driver-to-pad mapping for the output 
driver block of FIG. 4B; 

FIG. 5A is a side cross-sectional view of an integrated circuit device 
illustrating an example output driver-to-transmission line interconnect path; 
and 

FIG. 58 is a top plan view of the integrated circuit device illustrating 
the example output driver-to-transmission line interconnect path of FIG. 58. 

Detailed Description 
A novel technique for controlling the slew rate of output signals of 
integrated circuits using signal redistribution metal is described in detail 
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hereinafter. Although the invention is described in terms of specific 
illustrative embodiments, it is to be understood that the embodiments 
described herein are by way of example only and the scope of the invention 
is not intended to be limited thereby. 
5 FIGS. 2A - 2C illustrate the connection of an I/O integrated circuit pad 

with a circuit board transmission line via redistribution metal. FIG. 2A is a 
top view of a conventional circuit board 50 having a first surface 51 with at 
least one integrated circuit 52 mounted thereon. Integrated circuit 52 
comprises a die 54 packaged in a package 55 and disposed on first surface 

10 51 of the circuit board 50. In the illustrative embodiment, integrated circuit 
52 communicates with at least one electronic component 56 (such as 
another integrated circuit) via a conductive trace, or transmission line 58. In 
practice, the circuit board 50 typically includes hundreds of transmission 
lines for routing signals between integrated circuits and other electronic 

15 components mounted thereon. However, for ease of illustration, only one 
such transmission line 58 is shown. Additionally, in reality transmission line 
58 will often be routed on routing metal on one or more layers sandwiched 
inside the circuit board 50. Again, however, for purposes of simplicity, 
transmission line 58 is shown as a circuit board trace on the top metal layer 

20 of the circuit board 50. 

FIG. 2B and 2C illustrate a cross-sectional view of the circuit board 50 
and the integrated circuit 54 of FIG. 2A. As shown therein, circuit board 50 
may be constructed, for example, as a rigid circuit board including a plurality 
of conductive layers (e.g., 5 conductive layers) 60a, 60b, 60c, 60d and 60e 

25 separated by a plurality of rigid insulating substrate layers 62a, 62b, 62c, and 
62d. Package 55 likewise includes a substrate 64 including a plurality of 
conductive layers 66a, 66b, 66c, 66d and 66e separated by a plurality of 
rigid insulating substrate layers 68a, 68b, 68c, and 68d. The number of 
layers in each of the circuit board 50 and package 55 will vary for different 

30 applications. 

Integrated circuit 52 comprises a die 54, as shown in FIG. 2C. Die 54 
is constructed as a semiconductor wafer with a circuit layer 44 and a plurality 
of dielectric layers 48a, 48b, 48c, 48d sandwiched between a plurality of 
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conductive layers 46a, 46b, 46c, 46d, 46e. The number of layers in the die 
54 will vary for different applications. 

Circuit layer 44 includes signal pads 30a, 30b, 30c arranged in a die 
bonding pad interconnect array 30 for interconnect signals thereon. 
5 Interconnect signals on signal pads 30a, 30b, 30c are routed to other circuits 
and to die bonding pads 70a, 70b, 70c on the package using vias 36a, 36b, 
36c and 37a, 37b, 37c and redistribution metal in layers 36b and 36d. The 
circuit layer 44 is interfaced with the redistribution pads in the die substrate 
via a bond 32 between each circuit pad 30a, 30b, 30c and respective 
10 substrate pads 42a, 42b, 42c. 

Die 54 includes input/output (I/O) pads 70a, 70b, 70c arranged in a 
die bonding pad interconnect array 70 for interconnect signals thereon. 
E Package 55 comprises package bonding pads 62a, 62b, 62c positioned to 

O match the locations of the die bonding pads 70a, 70b, 70c on the package. 

h 15 Die 54 is interfaced with substrate 64 via a bond 72 between each die pad 
t^l 70a, 70b, 70c to each respective package pad 62a, 62b, 62c, 

ru Substrate 64 is implemented using the innermost circuit layer 66c 

Q allocated to ground (Vss) and the outermost circuit layers 66a and 66e 

f"^ allocated to interconnection pads and positive voltage (Vdd). The second 

Q 20 and fourth circuit layers 66b and 66d are allocated to signal redistribution, 
J|j and as such, variable depth vias 76a, 76b, 76c are utilized to route signals 

between the interconnection pads 62a, 62b, 62c in layer 66a and signal 
traces in circuit layers 66b, 66d. Variable depth vias 87a, 87b, 87c route 
signals between the conductive traces in circuit layer 66b, 66d to bonding 
25 pads 86a, 86b, 86c in conductive layer 66e. 

Bonding pads 86a, 86b, 86c of the integrated circuit package 55 are 
bonded to bonding pads 90a, 90b, 90c in circuit layer 60a of circuit board 50 
by conductive bonds 88. Each bonding pad 90a, 90b, 90c is electrically 
connected to a respective conductive trace (not shown) in the circuit layer 
30 60a. The trace typically connects to a via 94a, 94b, 94c which serves to 

ultimately connect the bonding pad to power, ground, or further redistribution 
metal in one of the conductive layers 60a, 60b, 60c, 60d, 60e. 
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In summary, signals generated by output drivers in the circuit layer 44 
of die 54 are electrically coupled to the transmission line 58 of the circuit 
board 50 through die vias, pads, and redistribution metal, die-to-package 
bonds, package vias, pads, and redistribution metal, package-to-circuit 
board bonds, and circuit board pads, vias, and redistribution metal. Each 
conductive component in a signal path connecting an output driver 
implemented in circuit layer 44 of die 54 and a transmission line (which may 
be variously defined, as hereinafter described) comprises the redistribution 
metal for a respective signal and contributes to the parasitics of the 
redistribution metal. 

Turning now to the invention itself, the output driver of the invention 
leverages the otherwise undesirable parasitic capacitance of redistribution 
metal to control the slew rate of the output driver The length and width of 
the redistribution metal, along with neighboring metal layers underneath are 
design parameters which can be used to minimize inductance and 
resistance while choosing redistribution metal with appropriate characteristic 
capacitance to essentially "dial up" the desired slew rate for the output driver. 

As known in the art, the load capacitance and the resistance (parallel 
combination of termination resistance Ro and transmission line characteristic 
impedance Zo) add to the RC time constant of the signal, which affects how 
quickly the output signal transitions. As also known in the art, the voltage on 
a transmission line rises or falls in accordance with the equation: V(t)= Vq * 
e^^^ where Vq is the initial voltage, t is time and RC is the time constant of 
the RC circuit (i.e., the product of the resistance and capacitance). In 
accordance with the invention, since the resistance Ro of the driver circuit is 
known, the chip designer can choose a redistribution metai having a 
characteristic capacitance Co (typically determined by the length and width 
of the redistribution metal) corresponding to a resulting desired slew rate. 

FIG. 3 depicts a method 100 for controlling the slew rate of integrated 
circuit signals in accordance with the invention. As illustrated, the designer 
determines (step 102) the output resistance Ro of the signal driver driving 
the signal of interest. The output resistance Ro is determined by the sizes of 
the transistors implementing the output driver cell. 
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The capacitance required to produce an RC time constant which will 
result in a desired slew rate on the transmission line is calculated (step 104), 
taking into account the output resistance Ro of the signal driver. 

The designer then selects (step 106) a redistribution metal having a 
characteristic capacitance Crm which, given the known output resistance Ro 
of the signal driver, will produce a desired slew rate for the transitioning 
edges of the signal driven onto the transmission line. 

The output of the signal driver is connected (step 108) to a first end of 
the selected redistribution metal. The transmission line is then connected 
(step 110) to a second end of the selected redistribution metal. 

FIG. 4A is a plan view of an example of a die pad layout pattern for 
die 54 of integrated circuit 52 of FIG. 2A-2C. In this example, the die pads 
70 are laid out in a staggered pattern and are intended to be bonded to a 
ball grid array package (not shown) with solder bumps. Of course, many 
pad layout patterns, package types, and bonding techniques exist, and the 
principles of the invention extend easily to any of these layout patterns, 
package types, and bonding techniques. 

FIG. 4B is a plan view of the die pad layout pattern of FIG. 4A for 
integrated circuit 52 with an output pad block 110 indicated. In this 
embodiment, output pad block 110 includes a plurality of output driver cells 
112 (see FIG. 4C) that are each to be connected to a different die pad 70 in 
the vicinity of area 150 via redistribution metal. 

FIG. 4C is an exploded view of area 150, illustrating how a given 
output driver cell 1 12a may be mapped for interconnection to a die pad 70. 
In this illustration, output driver cell 1 12a has the possibility of 
interconnection to any one of the die pads 70a-70h. During layout, the 
capacitance Cf^ai Cpb, Crc, . . . i Cph of the redistribution metal 115a, 115b, 
1 1 5c, . . . 1 1 5h required to connect the output driver cell 1 1 2a and each of die 
pads 70a-70h is estimated. Estimation techniques are discussed 
hereinafter. 

Since the output resistance Ro of the output driver cell 1 12a is known 
from the design, the goal is to map the output driver cell 1 12a to one of the 
die pads 70a-70h whose proposed connective redistribution metal 115a- 
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1 15h is characterized by a respective capacitance CRa-CRh that will produce 
an RC time constant appropriate for generating a desired transmission line 
slew rate for the signal generated by the output driver cell 1 12a. 

FIG. 4D shows that, in the present example, die pad 70b is assigned 
to output driver cell 1 12a since the character capacitance Crc of the 
redistribution metal 1 15c provides the desired redistribution metal RC time 
constant. 

FIG. 4D also illustrates the mapping possibilities for output driver cell 
11 2b given the mapping assignment of output driver cell 1 12a. In this 
illustration, output driver cell 1 12b has the possibility of interconnection to 
any one of the die pads 70a, or 70c-70h. During layout, the characteristic 
capacitance of the redistribution metal required to connect the output driver 
cell 1 12b to each of die pads 70a and 70c-70h is estimated. The output 
driver cell 1 12 is mapped to one of the die pads 70a, 70c-70h whose 
connective redistribution metal is characterized by a capacitance Cr that will 
produce a desired RC time constant appropriate for generating the desired 
transmission line slew rate given the known output resistance Roof the 
output driver cell 1 12b. 

FIG. 4E illustrates that, based on the capacitance estimates for the 
redistribution metal connections, output driver cell 112b is assigned to die 
pad 70f 

The capacitance estimation and mapping process is repeated for 
each remaining output driver cells 1 12c-1 12h. FIG. 4E is a completed 
output-driver-to-pad mapping for output driver block 110, which shows that 
output driver cell 1 12c has been mapped to pad 70c, output driver cell 1 12d 
has been mapped to pad 70d, output driver cell 1 12e has been mapped to 
pad 70a, output driver cell 1 12f has been mapped to pad 70e, output driver 
cell 1 12g has been mapped to pad 70g, and output driver cell 1 12h has 
been mapped to pad 70h. 

FIG. 5A is a side cross-sectional view and FIG. 5B is a top plan view 
of an integrated circuit device illustrating an example output driver-to- 
transmission line interconnect path. As illustrated, the output driver 1 12n 
implemented in circuit layer 44 of die 54 is electrically connected to the 
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transmission line 58n through (in order) circuit pad 30n, bond 32n, pad 42n, 
route 130 (in substrate layer 46a), via 36n, route 131 (in substrate layer 
46d), via 37n, route 132 (in substrate layer 46e), die pad 70n, bond 72n, 
package pad 62n, route 133 (in package layer 6a), via 76n, route 134 in 
5 package layer 66d, via 87n, route 135 (in package layer 66e), pad 86n, bond 
88n, circuit board pad 90n, route 136 (in circuit board layer 60a), via 94n, 
and route 137 (in circuit board layer 60d). As known, each interconnect 
component contributes to the parasitics of the redistribution metal for the 
output driver-to-transmission line interconnection. Accordingly, assuming 
10 that the total redistribution metal required for the output driver-to- 
transmission line interconnection includes all of the aforementioned 
components, the associated redistribution metal capacitance is given by: 

Crm = CcKT_PAD1 + CcKT_BOND + CcKT_PAD2 + CrquTEI + 
CcKT_VIA1 + CroUTE2 + CcKT_VIA2 + CrquTES + 
CcKT_PAD3 + CpKG_BOND + CpKG_PAD1 + CroUTE4 + 
CpKG_,VIA1 + CrouTES + CpKG_viA2 + CroUTE6 + 
CpKG_PAD2 + CbD_BOND + Cbd^PAD + CrqUTES + 

CroUTE7 + Cbd_via + Croutes 

15 In practice, in determining which components are necessary to 

include in the impedance compensation modeling, (for example, does the 
transmission line begin in the die itself, at the package connection, or at the 
circuit board connection), the switching speed of the signals determine the 
treatment of the redistribution components as transmission lines. Typically, 

20 for signals less than 500 MHz, the package can be treated as a lumped RLC 
model such that the package redistribution is factored in when calculating 
the wire load capacitance. If the signal is faster (e.g., a signal with a slew 
rate of 50 picoseconds or faster in a 10 mm ceramic package), the package 
redistribution metal is treated like a transmission line, and accordingly, the 

25 package components (pads, vias, and routing) need not be modeled in the 
capacitance calculations. In most applications, the circuit board components 
are treated as a transmission line, so the capacitance of the circuit board 
components need not be included in the redistribution metal capacitance 
calculations. 
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It has been determined that if a time t=3RCRM generally results in 
approximately 95% rise or fall time. Accordingly, choosing a redistribution 
metal with a higher characteristic capacitance Crm will result in a slower slew 
rate. 

The parasitics of each interconnect component to be modeled (e.g., 
pads, vias, routing metal, bonds) can be predicted during the floorplanning 
stage. At the floorplanning stage, although the resistance of the various 
components of the interconnect path cannot be predicted since the shape of 
the interconnect is not known until the routing stage, the total length of the 
interconnect can be estimated and thus the total capacitance estimated. 
Techniques exist for estimating capacitance as a function of net fanout and 
block size. A floorplanning tool can then use these predicted-capacitance 
tables (also known as interconnect-load tables or wire-load tables) to 
estimate the capacitance of net connections. 

Typically, the locations of the die interconnect pads will be dictated by 
the package type. During the floorplanning stage, the locations of the chip 
pads are set using pad seeds input to the floorplanning tool. Pad seeds 
instruct the floorplanning tool to fix the position of the associated chip pad. 
Seeding may also be used to fix the positions of the output drivers in the 
chip. Accordingly, the designer can adjust the estimated length (and 
therefore characteristic capacitance) of the redistribution metal between the 
output driver cell and chip pad by hard seeding output driver cell to a certain 
position. 

Existing floorplanning and routing techniques beyond the scope of the 
invention allow fixed placement of, and interconnection between, logic cells 
(for example, an output driver cell) and pad cells of the chip. 

Calculations using TSMC.13 process design rules show that the 
inductance and resistance can be kept minimal while the capacitance can 
easily be made large enough to impact the signal slew rates as much as 
desired assuming communication rates are faster than 1 MHz. SPICE 
simulations have shown that added capacitance on the output driver slows 
down the slew rates linearly (and desirably), and does not negatively impact 
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the simultaneously switching output (SSO) noise, a key design parameter 
related to high speed input/output devices. 

It will be appreciated that the invention provides several advantages 
over the prior art. As indicated above, redistribution metal is metal on any 
given conductive layer generally used for routing output and input signals on 
the integrated circuit to more desirable locations for solder bumping or 
wirebond packaging applications. An undesirable byproduct of using 
redistribution metal is it adds parasitic resistance, inductance, and 
capacitance. These parasitics are normally undesirable and require 
additional compensation circuitry in the driver/receivers of integrated circuits. 

However, the invention takes advantage of the parasitic capacitance 
C of the redistribution metal to control the signal slew rate. By calculating 
the amount of capacitance needed to achieve an RC time constant 
corresponding to a desired slew rate using the known driver resistance Rp, 
the length of the redistribution metal is chosen to leverage the parasitic 
capacitance C of the chosen redistribution metal to essentially "program" the 
slew rate of the signal on the transmission line. The added advantage of the 
inventive technique for controlling the slew rate of signals is that it requires 
no slew rate control circuitry which would othenA^ise add complexity and cost 
to the chip. 

While illustrative and presently preferred embodiments of the 
invention have been described in detail herein, it is to be understood that the 
inventive concepts may be otherwise variously embodied and employed and 
that the appended claims are intended to be construed to include such 
variations except insofar as limited by the prior art. 
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